INTRODUCTION

58
Leaves and tillers, the vegetative branches that form at the base of grass plants, are key 59 determinants of grass shoot architecture. Tillers develop from axillary meristems and undergo 60 three distinct morphological stages: (1) initiation of an axillary meristem in the leaf axil; (2) 61 development of leaf primordia on the axillary meristem to form an axillary bud; and (3) 62 elongation of internodes into a tiller with the potential to form a grain-bearing spike (Schmitz 63 and Theres, 2005) . Primary tillers form in leaf axils on the main stem, and secondary and higher 64 order tillers form in axils of leaves on primary tillers and subsequent tillers, respectively. Grass Auricles have two parts, a band of small cells separating the sheath from the blade and a flap of 69 tissue growing out from the leaf margin that wraps around the stem in some species (Sylvester et 70 al., 1990; Becraft et al., 1990) . Both tillers and leaves are important agricultural traits for cereal 71 crops and have been extensively studied (reviewed in Wang and Li, 2008; Lewis and Hake, 72 2015; Mathan et al., 2016) . However, our understanding of the inter-relatedness of their genetic 73 control is early in its fruition. 74 Positional information is important for morphogenesis and boundaries between cell types 75 are often the location of new tissue development. Thus, the role of boundary formation in 76 axillary meristem development is an intense area of study (reviewed in: Žádníková and Simon, 77 2014; Hepworth and Pautot, 2015; Wang et al., 2016) . The Arabidopsis thaliana REGULATORS
78
OF AXILLARY MERISTEMS1 (RAX1) and CUP-SHAPED COTYLEDON2 (CUC2) genes were 79 identified by their expression pattern and reduced-branching mutant phenotypes, and were found 80 to establish the boundary for axillary meristem development (Keller et al., 2006; Müller et al., 81 2006) . Other boundary genes show the expected expression pattern but lack a clear axillary 82 meristem phenotype in mutant plants. Plants over expressing Arabidopsis BLADE- (BOP) show a branching phenotype, producing extra paraclades in leaf nodes (Ha et al., 2007) . 84 The role of Arabidopsis LATERAL ORGAN FUSION (LOF1) in axillary meristem development 85 was revealed by double mutants with its homolog, LOF2 (Lee et al., 2009 ). The Arabidopsis 86 axillary meristem development is more obvious in other species such as rice and maize, 89 highlighting the importance of comparative work to fully delineate developmental pathways 90 (Komatsu et al. 2003; Gallavotti et al. 2004 ). These studies, and others, have identified genes 91 acting in axillary meristem boundary formation and it appears a number of these genes help 92 establish other developmental boundaries. 93 Boundary formation is also critical for leaf patterning (reviewed in Bar and Ori, 2014;  94 Lewis and Hake, 2015) . Tomato plants produce compound leaves with several pairs of lateral 95 leaflets and a terminal leaflet, with each leaflet having multiple lobes. Goblet (Gob) is one gene 96 controlling this process, and Gob encodes a homolog of CUC1/2 (Berger et al., 2009) . Gob 97 mutations also repress axillary meristem development (Busch et al., 2011) . Potato leaf (C) and 98 blind are recent duplications of the tomato RAX1 homolog and sub-functionalization of these 99 duplicated genes gave blind a role in axillary meristem development and C a role in leaf 100 development (Busch et al., 2011) . In Arabidopsis, CUC2 functions similarly to produce serrated 101 leaves (Nikovics et al., 2006; Bilsborough et al., 2010) . It is now evident that many of the same 102 genes act to establish boundaries for meristem and leaf development (Hepworth and Pautot, 103 2015; Wang et al., 2016) 
104
The identification of genes with dual roles in boundary demarcation and leaf and axillary 105 meristem development prompted Busch and colleagues (2011) to propose a conserved genetic 106 system that establishes axillary meristems and determines leaf shape. A related genetic system 107 for maize leaf and lateral organ initiation was recently proposed as well (Johnston et al., 2014) . 108 Transcriptome analysis of laser-dissected tissues from the maize preligule region identified genes 109 expressed at the blade-sheath boundary that are homologs of previously identified genes 110 involved in lateral organ initiation (Johnston et al., 2014) . Among the differentially expressed 111 genes were the maize CUC2 and BOP homologs. RNA in situ hybridization experiments 112 showed maize CUC2-like transcripts accumulating in the preligule band, the cleft of developing 113 ligules, and at the location of lateral branch initiation. The maize BOP-like transcripts 114 accumulated in developing ligules, leaf axils and axillary meristems (Johnston et al., 2014 The barley cul2 mutant rarely makes tillers due to its inability to produce axillary buds 142 (Fig. 1; Babb and Muehlbauer, 2003) . To identify suppressors of the cul2 mutant phenotype, we 143 mutagenized the Bowman-cul2.b-rob1 stock. Rob1 (orange lemma) is a phenotypic marker 144 tightly linked to cul2 (Franckowiak et al., 1997 Fig. S1 ).
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Unexpectedly, homozygous mutant eli-a.18 plants were short with leaves that drooped and 153 lacked ligules ( Fig. 1 and Fig. 2 ), whereas these traits were not seen in eli-a.17 plants ( Fig. 1 Fig. S1 and Supplemental Fig. S3 ).
165
The eli-a.17 and eli-a.18 alleles also mapped to the same region on chromosome 2HS. 166 We mapped eli-a.17 using the cul2 suppressor phenotype. Fig. S4 ).
176
Barley eli-a mutants were previously described as recessive mutations producing a 177 phenotype of dwarfed liguleless plants with weak culms that break at the nodes (Lundqvist and 178 Frankowiak, 2002) . We observed these characteristics in the eli-a.18 mutant. In addition, the 179 attachment of outer tillers to the crown was so poor that tillers leaned outwards (Fig. 1) -a.3, eli-a.9 , and eli-a.14 with Bowman-cul2.b-rob1. In total, 23 mutant plants were 194 recovered (eli-a.3/eli-a.3; cul2.b-rob1/cul2.b-rob1, eli-a.9/eli-a.9; cul2.b-rob1/cul2.b-rob1, and 195 eli-a.14/eli-a.14; cul2.b-rob1/cul2.b-rob1) To study the impact of eli-a on early axillary bud development, we examined seven-day-202 old shoot apices from 203 and the non-mutant Bowman cultivar. Despite being a weak allele, the eli-a.17 allele was used 204 for this experiment because germination rates were higher and growth more uniform than other 205 eli-a alleles. Two to three primary axillary buds were typically seen in non-mutant Bowman 206 seedlings at seven days (Fig. 3) . In these experiments, no axillary buds were seen in cul2.b 207 seedlings (Fig. 3) , but in previous experiments occasionally an axillary meristem would develop 208 but would be blocked from forming an axillary bud (Babb and Muehlbauer, 2003) . One to two 209 primary axillary buds were present in seven-day-old Bowman-eli-a.17 seedlings (Fig. 3) . In the Bowman-eli-a.17; cul2.b-rob1 material, zero to two axillary buds were visible at seven days (Fig. 211 3). A seven-day-old Bowman-eli-a.18 shoot apex is shown in Supplemental Figure S5 
Inflorescence development 261
Eli-a mutant spikes have a compact appearance with spikelets packed tightly together, 262 particularly towards the tip (Supplemental Fig. S7 ; Lundqvist and Franckowiak, 2002) . This 263 characteristic is less obvious in weaker alleles like eli-a.3 and eli-a.17 (Supplemental Fig. S7 ).
264
The cul2 mutation produces spikes with spikelets irregularly placed along the spike, particularly (Ruzin, 1999) . (reviewed in Leegood, 2008) . Fricke (2002) proposed that the bundle sheath regulates the flow 289 of water and photosynthate between the leaf mesophyll and the vascular system. Other work 290 suggests bundle sheath extensions are an adaptation for desiccation stress (Kenzo et al., 2007) . CUC3 expression, and leaf primordia emergence in other systems and provides a plausible 295 mechanism for controlling axillary meristem development (Kierzkowski et al., 2012; Nakayama 296 et al., 2012; Fal et al., 2016 BLASTn search of the GenBank non-redundant sequence database. The entire predicted coding 318 region of AK375036 was sequenced from the eli-a. 17, eli-a.18, eli-a.3, eli-a.9 , and eli-a.14 319 alleles (Fig. 5) . Foma, the progenitor allele of eli-a.3 and eli-a.9, Kristina, the progenitor allele 320 of eli-a.14, the Bowman-cul2.b-rob1 line, progenitor of eli-a.17 and eli-a.18, and the backcross 321 parent Bowman were also sequenced. , and eli-a.17 contained the non-322 conservative amino acid substitutions proline to serine, threonine to isoleucine, and aspartic acid 323 to a tyrosine, respectively. The eli-a.14 and eli-a.18 alleles contained nonsense mutations. This Table S1 ). As expected, all liguleless plants were 330 homozygous for the mutant MLOC_58453 CAPS allele (Supplemental Fig. S4 ). Similarly, a 331 SNP located within the MLOC_58453 coding region co-segregated with the suppressor 332 phenotype in the eli-a.17 mapping population (Supplemental Fig. S4 and Supplemental Table   333 S1). MLOC_58453 has been mapped to chromosome 2HS on the barley genome assembly (The 334 International Barley Genome Consortium, 2012). 
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Homologous ELI-A sequences were found in land plants ranging from Arabidopsis (Fig. 6) . A sense control is shown in Supplemental Figure S11 . ELI-A transcripts 377 were detected in similar locations in cul2.b mutant seedlings (Fig. 6) . In transverse cul2.b 378 sections, expression was detected in small clusters of cells along the abaxial leaf surface (Fig. 6) .
379
Expression at this location was variable and was also seen in non-mutant plants (Supplemental 380 Fig. S11 ). There were no consistent differences in expression between non-mutant and cul2.b (Fig. 6 and Supplemental Fig. S11 ), but not in older ligules (Fig. 6) . In younger leaf primordia, a prominent signal was present slightly above the base of leaf 385 primordia on the adaxial side in longitudinal sections. This signal appeared to correspond to the 386 band of expression found on the adaxial surface of leaf primordia in transverse sections (Fig. 6 ).
387
A serial section from higher up along this shoot apex showed expression continuing along the 388 adaxial surface (Supplemental Fig. S11 ). This is the expected location of the preligule band, protein is transported as shown for the rice LAX protein (Oikawa and Kyozuka, 2009 
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MATERIALS AND METHODS
470
Plant materials and populations:
471 Mutant alleles cul2.b, The cul2 suppressor screen was conducted by mutagenizing Bowman-cul2.b-rob1 grain.
477
The rob1 allele is approximately 2 cM from cul2 and produces an orange lemma phenotype that 
22
Shoot apices from one-week-old seedlings were sectioned and stained to examine axillary 500 bud development as previously described (Babb and Muehlbauer, 2003) . Axillary buds and 501 tillers were counted on growth chamber grown plants, weeks two through six. Three replicates, (Ahlstrand, 1996) .
515
For histological work, plant tissues were fixed in paraformaldehyde and embedded in 516 paraffin (Javelle et al., 2011) . Sections were stained with Toluidine Blue or Safranin O 517 (Humason, 1979; Ruzin, 1999) . RNA in situ hybridizations were performed as described by 518 Javelle et al., (2011) . Probes for RNA in situ hybridizations were developed from PCR 519 amplicons from genomic DNA using primers ELI-1393F and ELI-1877R or HvLG1-79F and 520 HvLG1-598R, cloned into pGEM-T Easy (Promega, Madison, WI). Plasmids were used as 521 templates for PCR with M13 forward and reverse primers. RNA was synthesized from resulting 522 amplicons with SP6 or T7 RNA polymerase to make the sense and antisense probes using the 
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Total RNA for sequencing (RNA-seq) was isolated from crown tissue containing the 533 shoot apical meristem and axillary meristems from 14-day-old seedlings grown in growth 534 chambers using the RNeasy Plant Mini Kit (Qiagen). There were three replicates of each 535 genotype (Bowman, Relative ELI-A expression levels were compared in inflorescence, axillary bud, and leaf 542 blade tissues by RT-qPCR using the procedure described by Tavakol et al. (2015) . Total RNA 543 was isolated from one cm long axillary buds from two-week-old seedlings, and five mm long One-third of the product was used for PCR. Quantitative PCR was performed on an Applied 548 Biosystems StepOnePlus Real Time PCR System with the QuantiFast SYBR Green mix 549 (Qiagen). GAPDH and UBI were used for normalization (Tavakol et al., 2015) . Three 550 replicates, with three to five plants each, were randomized and grown together in a growth 551 chamber as described above. Primer sequences are shown in Supplemental Table S10 . Reads for all samples were quality trimmed from both ends with custom Java code, using 555 a base quality cutoff of Phred 20. Reads shorter than 30 bp were discarded. Trimmed reads 556 from the Bowman sample were assembled de novo using the Trinity transcriptome assembler on 557 default settings (release r2011-05-13, Grabherr et al., 2011) . This resulted in a total of 31,976 558 transcript sequences (Supplemental Data S1). 
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Trimmed reads from each mutant sample were mapped separately to the Bowman Trinity 560 transcripts using the Bowtie read mapper v. 0.12.7 (Langmead et al., 2009) . To keep 561 mismapping and the resulting false positive SNPs to a minimum, a strict mismatch rate of 1 562 mismatch per read was applied. Reads were mapped in "all" mode which allows multi-mappable 563 reads to map to all of their possible mapping locations. The "--best -strata" parameter was used 564 to ensure that only the best mapping locations were reported.
565
For each genotype, SNP discovery was carried out using custom-written code 566 implemented as a prototype feature in Tablet (Milne et al., 2013) . The raw variant data was then 567 filtered using a minor allele frequency of >= 0.9, to identify homozygous SNPs with the 568 Bowman reference sequence only. Several further stages of SNP filtering followed, all of which 569 were aimed at removing false positive SNPs. First, SNPs that were less than a read's length 570 from contig start or end, or regions with zero read coverage, were removed as a large proportion 571 of these can be assumed to be artifacts caused by mis-assembly of the reference sequence (M. 
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